Introduction
A linearly polarized and partially temporary coherent light propagating in a birefringent medium may become depolar− ized. This phenomenon has been observed in both types of polarization−maintaining optical fibers, low−birefringence and highly birefringent fibers [1, 2] as well as in solid aniso− tropic material [3] and liquid crystals [4] .
Both components of the linearly polarized light coupled into the birefringent medium may have different phase ve− locities. This causes a phase shift between both compo− nents. As a result we observe transformation of the state of polarization that depends on the value of the induced phase shift. Additionally, for partially coherent light characterized by the coherence length DL, we also notice changes in the degree of polarization (DOP). In some cases the phase shift may be so high that the light outgoing from the liquid crystal cell may be almost totally unpolarized due to the fact that both components are shifted into different wave packages.
Depolarization of light due to scattering in liquid crys− tals and in other materials has been considered for years [5, 6] . In the paper we are dealing with nonscattering depo− larization of light passing through a photonic crystal fiber (PCF) filled with liquid crystals (LCs). Such a structure called a photonic liquid crystal fiber (PLCF) is very sensi− tive to influence of both the electric field and temperature [7] . The external electric field or temperature may introduce changes in the effective refractive index of the PLCF and may control depolarization of the light.
Depolarization of light in liquid crystals
Birefringence of a liquid crystal is characterized by a differ− ence of extraordinary and ordinary refractive indices Dn = n e -n o . In typical nematic liquid crystals, Dn may range be− tween 0.05 and 0.5. It is possible to generate any state of po− larization (SOP) by manipulating thickness and birefrin− gence of the LC cell. If we couple the linearly polarized light perpendicularly to the LC cell we may also observe the depolarization of light effect [4] .
The value of DOP may be expressed by the following equations, for Lorentzian and Gaussian light sources, re− spectively , (1) where l is the thickness of the LC layer, Dl is the spectrum width of light passing through the LC cell, and q is the azi− muth of electric field of light wave (Fig. 1) .
In Fig. 2 we present DOP changes measured for several light sources. Minima of the DOP occur when the azimuth q is equal to ( ) 2 1 4 n + p degrees. Depending on the band− width spectrum emitted by the light source, the depolariza− tion effect can be either significant or very weak.
Birefringence of liquid crystals can be easily influenced by temperature and external electric/magnetic fields. Both refractive indices of majority of liquid crystals have strong temperature dependence, which means that LC birefrin− gence (optical anisotropy) is also strongly temperature de− pendent. The highest birefringence is in the vicinity of the melting temperature, however, the lowest value of birefrin− gence is close to the clearing temperature (the nematic−iso− tropic phase transition) and it vanishes in the isotropic phase. For the 5CB liquid crystal used in this research both When the liquid crystal was in the nematic phase, the measured value of light depolarization was with a very good agreement with theoretical calculations based on Eq. (1). After heating the LC sample up to the isotropic phase, no depolarization effects were noticed (Fig. 3 ).
Depolarization of light in highly birefringent and photonic crystal fibers
Birefringence is a general property of real optical fibers. It can be caused by any imperfection in the drawing process or an intentionally design of the fiber structure. The first re− search on DOP changes in anisotropic fibers was investi− gated by Sakai et al. [1] . They used a spectrum width of the light passing through the birefringent fiber as a parameter describing partial coherency of the light. By applying the coherence length DL instead of the spectrum width (DL = l 2 /Dl) and taking into consideration that the beat length L B which is defining the birefringence of the fiber we obtain [8] ( )
where u x and u y are the components of the fundamental mode polarized along fast and slow birefringence axes of the fiber, respectively, whereas
stands for Lorentzian spectrum, and
for Gaussian spectrum.
Opto−Electron. Rev., 17, no. 2, 2009 D. Budaszewski If we couple a linearly polarized light into the highly birefringent (HB) fiber with the azimuth either 0 or 45 de− grees with respect to birefringence axis (Fig. 4) , then we can calculate DOP changes by measuring four light intensities in different configurations of an analyzer and a quarter− −wave plate [9] . Evolution of SOP as well as DOP in the fi− ber can be described by the modified Mueller matrix as follows [3] [ 
in which P c is given by Eq. 
It may be also proved, based on multiplication results of the matrices of Eqs. (6) and (7) and according to the modi− fied Mueller matrix Eq. (5) that DOP = P c .
In photonic crystal fibers, guiding the light is governed by one of two principal mechanisms responsible for light trapping within the core. The first is a simple propagation effect based on the modified total internal reflection (mTIR) phenomenon, which is well known and similar to wave guiding within a conventional fiber. The other is known as a photonic band gap (PBG) effect that occurs when the aver− aged effective refractive index is lower in the core than in the cladding region. In this case, the guiding mechanism re− lies on the coherent backscattering of light into the core. The PBG effect is usually observed in hollow−core photonic crystal fibers, however, solid−core photonic crystal fibers can guide light by the mTIR phenomenon.
In our experiments we used a solid−core PCF fabricated at Maria Curie Skłodowska University in Lublin, Poland. To demonstrate the mechanism of light propagation in the empty PCF we coupled light from a halogen lamp into the fiber and observed the output spectrum. In this case, light was propagated by the mTIR mechanism and no difference in the spectrum of light coupled into the fiber and outgoing the fiber was noticed (Fig. 5) .
It means that in this region of the spectrum no PBG ef− fect was observed and transmission of the light through the PCF may be described in terms of the TIR phenomenon. Hence, the analysis of depolarization of the light passing through the PCF may be carried out based on the matrix Eqs. (5), (6), and (7).
Depolarization of light in photonic liquid crystal fibers
Contrary to classical highly birefringent fibers, in photonic crystal fiber the birefringence does not significantly depend on temperature. However, after filling the PCF with a liquid crystal we observe an enhanced temperature dependence of the resulting photonic liquid crystal fiber (PLCF) [7] . When a nematic LC is introduced into a glass capillary, its molecu− lar orientation strongly depends on capillary dimensions, boundary conditions, and on physical fields influencing the LC medium. Any external factor acting on the molecules of LC material changes the effective refractive indices. The ex− traordinary index of the refraction n e depends on the angle q between propagation direction and the optical axis and is described by n n n n n e e e ( ) cos sin
where n 0 and n e are the ordinary and extraordinary refractive indices, respectively.
Opto−Electron. Rev., 17, no. Photonic crystal fiber consists of many capillaries, which may be filled with LC creating the PLCF. In the ex− periment we infiltrated the 600−mm−long PCF either with 5CB or 6CHBT only at the 5−mm distance (Fig. 6 ) and mea− sured spectra of the light passing through these micro struc− tures [ Fig. 7 (a) and 7(b)]. A single mode laser diode with the following parameters l = 674 nm and Dl = 0.058 nm was used as a light source. The lasing wavelength was located in the transmission window in both spectra.
The results of minimal DOP (q = 45°) in different types of birefringent fibers are presented in Table 1 . For the PLCF structure, application of the external elec− tric field introduces reorientation of the LC molecules infil− trating the PCF. The effect gives the changes in minimal DOP (Figs. 8 and 9 ).
In order to validate our depolarization measurement re− sults, the temperature was increased to above the nematic/ isotropic phase transition. According to our expectations, we have not observed any depolarization effects in the PLCF at the isotropic phase of LCs. (Table. 2). 
Conclusions
Experimentally observed depolarization of light in mi− crostuctured optical fibers infiltrated with liquid crystals is much higher than DOP changes in PCFs and HB fibers. De− polarization of light in PLCFs is also very sensitive to the external electric field. It means that PLCF may be used as an electric field sensor and also as a compensator element of the polarization mode dispersion effect that significantly de− creases bit rate in telecommunication fibers. Since the effect is caused by random birefringence of the fiber and also de− pends on temporary coherence of the incoming light it may be effectively controlled and potentially compensated by a short section of the PLCF introduced into the telecom− munication lines as it has been recently outlined [10, 11] .
